To cite this version: + cations leads to an infinite inorganic-organic chain structure. A remarkable difference between the compounds is that in compounds (1) and (2) interactions between the chains involve only Van der Waals forces giving rise to layer-like structures, which also interact between them only by Van der Waals forces, whereas in compound (3) the chains interact also through hydrogen bonds giving a 30 supramolecular structure. The thermal properties of the compounds were investigated through thermogravimetric and differential thermal analyzes. The differences in the thermal decomposition of the compounds in the solid state are discussed in relation with their crystal structure. Cyclic voltammetry shows that the [Mo 2 0 6 (¼0 4 h] 4 -anion can be reduced in both aprotic solvent and water.
However, this field of investigation of oxalatomolybdate compounds is still not fully explored.
Continuing our research on polyoxometalates as organic-inorganic hybrid materials, and more specifically on oxomolybdate complexes [16] , we have isolated in the present paper three molybdenum oxalate anionic species with three different ammonium counter cations, dipropylamine, diisopropylamine and Dabco (1,4- 
Experimental section

Materials
Oxalic acid (100%), dipropylamine (98%), diisopropylamine (99%), Dabco (98%) and ammonium heptamolybdate tetrahydrate (100%) were purchased from Sigma-Aldrich and used without further purification. Methanol and distilled water were used as solvent.
Synthesis
(1): oxalic acid (1.00 g, 11.1 mmol), dipropylamine (2.24 g, 22.1 mmol) and ammonium heptamolybdate tetrahydrate (1.06 g, 0.9 mmol) were dissolved in water (60 ml) at room temperature. The solution was then stirred for one hour and evaporated in the oven at 60°C to yield a whitish precipitate. The purification by recrystallization of the precipitate in methanol readily leads after 2-week slow evaporation at room temperature to pretty white crystals of 1 (60% yield).
(iPr 2 NH 2 ) 4 ·[Mo 2 O 6 (C 2 O 4 ) 2 ] (2): similarly to (1), oxalic acid (1.00 g, 11.1 mmol), diisopropylamine (2.24 g, 22.1 mmol) and ammonium heptamolybdate tetrahydrate (1.06 g, 0.9 mmol) were dissolved in water (60 ml). The solution was then stirred for one hour and evaporated in the oven at 60°C to yield white crystals of 2 after four days (54% yield).
(HDabco)4·[Mo 2 O 6 (C 2 O 4 ) 2 ]·H 2 O (3): this compound was obtained by direct reaction of oxalic acid (1.00 g, 11.1 mmol), Dabco (2.50 g, 22.1 mmol) and ammonium heptamolybdate tetrahydrate (1.06 g, 0.9 mmol) after dissolution in water (60 ml) at room temperature. The solution was then stirred for one hour and evaporated in the oven at 60°C to yield a whitish precipitate. The purification of this precipitate carried out by recrystallization in methanol leads after 2-week slow evaporation at room temperature to pretty white crystals of 3 (72% yield).
Elemental analyses (C, H, N) measurements
Elemental CHN analyses were performed using a PERKIN ELMER 2400 serie II analyzer. Two experimental analyses were made for each compound and the reproducibility is very good as shown by the low absolute uncertainties. The theoretical and experimental values found for the three compounds are given hereafter. Compound (1) 
Powder X-ray diffraction (PXRD) measurements
Powder X-ray diffraction (PXRD) patterns were measured at room temperature with a Bruker AXS D8 diffractometer using Cu-Kα radiation (λ = 1.5418 Å). were measured on a Rigaku Oxford Diffraction SuperNova diffractometer at 293 K at the MoKα radiation (λ = 0.71073 Å). Data collection reduction and multiscan ABSPACK correction were performed with CrysAlisPro (Rigaku Oxford Diffraction). The structure was solved by Patterson method using ShelXT-2015 and refined with SHELXL-2015 [17, 18] . Crystallographic Information files were compiled with Olex2.12 [19] . Crystallographic data are summarized in Table 1 .
Structure determination
Spectroscopic measurements
The IR spectra were recorded with a Vertex 70 spectrometer from Bruker equipped with a Harrick diamond ATR cell, a globar source and a KBr beamsplitter. 256 scans with 4 cm −1 resolution were averaged.
The final spectra were corrected from the atmospheric contributions of H 2 O and CO 2 gases. The Raman spectra were obtained with an Invia Raman Microscope from Renishaw operating at = 514 nm. Five spectra obtained with 10 s irradiation time and 25 mW laser power were averaged.
TGA measurements
Thermogravimetric analysis (TGA) measurement was carried out with a Setaram Sensys Evo under Argon flow, from room temperature to 1000°C with a heating rate of 10°C min −1 . These conditions allow to study only the thermal stability under inert gas and not the degradation by reaction at high temperature in an oxidizing medium (in air for example), which would be more complex. The test portion of each product was between 14 and 24 mg. The return to ambient temperature (25°C) from the 1000°C at the end of the analysis was made always under Ar flow with a negative temperature ramp of −33°C min −1 .
Cyclic voltammetry measurements
The cyclic voltammetry measurements were carried out either in DMSO with 0.1 M nBu 4 PF 6 or in H 2 O with 0.1 M KCl as supporting electrolyte with a conventional three electrodes cell connected to a (Py = pyridine. 4-MePy = 4-methylpyridine. 4-EtPy = 4-ethylpyridine. 3.5-Lut = 3.5-lutidine) [10] [11] [12] Princeton Applied Research VERSASTAT 4 potentiostat. In H 2 O, the pH of the solution was adjusted by adding small aliquots of 1 M hydrochloric acid or sodium hydroxide solutions. A 3 mm diameter glassy carbon disk was used as working electrode and a platinum wire as counter electrode. A silver chloride electrode (3 M KCl) was used as reference electrode in aqueous solution and a platinum wire as pseudo reference electrode in DMSO. In the latter case, ferrocene was added at the end of the experiment and used as internal standard. The solutions were degassed with argon for 20 min prior to the measurements.
Results and discussion
Elemental analysis using CHN
For the compounds (1) and (2), the experimental data are in very good agreement with the expected composition according to the empirical formula determined by the crystallographic structure. The difference between the theoretical and experimental values for the compound (3) reveals the presence of impurities. For all three compounds, the presence of the oxomolybdic moieties (Mo 2 O 6 ) results from fragmentation reactions of ammonium heptamolybdate tetrahydrate (AHM) used as starting material. Hence the residual presence of 7.8% percent of AHM as an impurity in the compound (3) would lower the calculated relative contents of C (35.30% for the pure product) to reach a satisfactory agreement with the experimental values (ca. 32.5% in the presence of AHM impurity).
Powder X-ray diffraction (PXRD)
The purity of compounds was also monitored by powder X-ray diffraction (PXRD). The similarity of the experimental and calculated PXRD patterns of compounds (see Fig. SI1 , in Supporting information) indicated that synthesized compounds match with the simulated one respectively, except for some intensity difference. The intensity differences can be owed to the different orientation of the crystals in the powder samples. The impurities revealed by the CHN analysis for compound 3 are confirmed by the powder X-ray diffraction (PXRD) showing two additional peaks on the experimental XRD powder patterns of this compound (3). These two peaks at 2θ (°) = 32 and 40 can be attributed to the presence of ammonium heptamolybdate tetrahydrate in compound (3) as impurities [20] . 
Crystal structures description
. This oxidation state exhibits a much richer chemistry than any of other oxidation states of molybdenum, namely −II, 0, +II, +III, +IV, V and +VI [21] . The metal displays here a marked tendency to dimerize through two oxygen bridges to form the {Mo 2 O 6 } fragment. The coordination sphere of each molybdenum is completed by a bidentate oxalate (Fig. 1) . Each oxalate ligand is linked to the molybdenum center via two oxygen atoms, all being in cis to the terminal oxo ligands. For all compounds, the two oxygen bridges are not quite symmetrical; the two MoeO distances are at 2.198 (4) Å, 1.783 (3) Å, 1.790 (3) Å, 2.201 (4) Å for the (1); 1.8409 (9) Å, 2.1631 (8) Å for the (2) Å, 2.2370 (11) Å for the (3) ( Table 2 ). The binuclear unit consists of two molybdenum centers in distorted octahedral environments. The two metal ions are linked by double bridge (μ-oxo). In the binuclear anion, the interaction between two metal ions is at Mo-Mo distance equal to 3.1191 (5) Å, 3.1464 (2) Å and 3.1854 (3) Å respectively for the compounds (1), (2) [25, 26] . In addition, depending on the oxygen atoms involved in the coordination of molybdenum, the oxalate CeO bond lengths vary slightly.
For each compound, the oxalate CeO bond lengths for oxygen involved in the coordination of Mo(VI) [O3eC2 = 1.262 (6) Å, O4eC1 = 1.238 (6) Å, O11eC3 = 1.271 (6) Å, O12eC4 = 1.246 (6) Å for the (1), O3eC1 = 1.2513 (15) Å, O4eC2 = 1.2785 (16) Å for the (2) and O2eC2 = 1.276 (2) Å, O1eC1 = 1.257 (2) Å for the (3)] are slightly higher than the CeO bonds, for uninvolved oxygen [O5eC1 = 1.241 (6) Å, O6eC2 = 1.227 (6) Å, O13eC4 = 1.234 (6) Å, O14eC3 = 1.223 (6) Å for the (1), O5eC1 = 1.2455 (16) Å, O6eC2 = 1.2248 (16) Å for the (2) and O3eC2 = 1.224 (2) Å, O4eC1 = 1.237 (2) Å for the (3)]. This may be due to the same disturbance phenomenon.
In Symmetry transformations used to generate equivalent atoms: compound ( 
Table 2
Selected bond lengths (Å) and bond angles (°) in compounds 1, 2 and 3.
Waals forces are purely no localized and in none case a local or semilocal approximation will not be able to account for it. However, we can note that along the b-axis the metal-metal (Mo⋯Mo) distances for adjacent chains at short range are in the order of 8.6 Å and those at long range about 11.9 Å. In compound (3), [HDabco] + cations cannot act as bridges between two different anions. This, partly because of the impossibility of direct interaction between an oxygen of the anion and the non-protonated nitrogen atom. In addition, the steric strain of a tertiary ammonium group prevents the hydrogen atom to get involved in a bifurcated hydrogen bond bridging two different anions. As a consequence, the presence of water molecules is required to ensure the anion-anion connections in compound (3). In contrast, the anion-anion interactions in compounds (1) and (2) do not require the presence of water molecules because they can be ensured respectively by two protons of the dipropylammonium and diisopropylammonium cations. Thus, in compound (1) (Fig. 2b) . In addition, these infinite chains interact through simple hydrogen bonds, N2eH⋯O1 and N2eH⋯O7, leading to an infinite layer structure (see 
IR spectra
As expected from their common core structure, the three compounds exhibit a similar infrared spectral signature (see Fig. SI3 , in Supporting information). We focus here on the attribution of the most characteristic bands. In the high frequency region of the spectra, the signals between 3000 and 2400 cm −1 can be assigned to the (NeH) and (CeH) stretching vibrations of the secondary or tertiary ammonium groups [27] [28] [29] . Compound 3 also exhibits two additional bands at 3437 and 3488 cm −1 which can be attributed to the (OeH) stretching vibration of the lattice water molecules. The oxalate ligands exhibit three sets of characteristic bands which reflect their binding mode [30] . Compound (1) exhibits three distinct bands at 1682, 1652 and 1626 cm −1 , whereas compounds (2) and (3) 
Thermal analyses
The thermal properties of the compounds were investigated by thermogravimetric analysis (TGA). Between 0 and 1000°C under inert atmosphere (Ar), the TGA curve of compound (1) (see blue trace in Fig. 3 ) indicates a total mass loss of the order of 92% in several steps reflecting a continuous degradation mechanism. The thermal stability of the compound was observed up to 140°C. A first loss of mass of the order of 20% of the total mass occurring in 140-210°C range corresponds to the departure of the 2[C 2 O 4 ]. This is done in 2 endothermic peaks which overlap around 180°C. The second mass loss of the order of 46% is carried out in 210-350°C range. This loss of mass due to the cations is done in 4 stages which are distinguished on the DTA curve: 3 peaks grouped at 225, 240 and 250°C, and a fourth at 350°C (Fig. 4) . The third loss of mass of the order of 10% occurs slowly in 350-780°C range. The process is at least two steps based on the slope changes of the TGA curve. This loss is assigned to the progressive decomposition of Mo 2 O 6 entities into volatile MoO 3 molecules with the departure of x moles of MoO 3 which sublimes from the solid residue [40] . The 10% loss of mass could then correspond to approximately 0.67MoO 3 moles. So we would have the decomposition reaction: The MoO 3 melting corresponds to the large endothermic peak at around 770°C because in the environment of the crucible of the TGA analyzer, it must be considered that it has impurities with this MoO 3 phase (for example the other residues resulting from the decomposition in progress).
Since the presence of impurities in a solid lowers its melting point it is normal for it to drop from 795 (pure) to about 770°C in our case. It follows that the very fine endothermic peak at 825°C would correspond to the vaporization of a mole of MoO 3 . This loss of one mole of MoO 3 occurs from 780 to 920°C and is from the liquid phase (since MoO 3 is melted) which is a fairly fast process, in any case faster than the sublimation loss from a solid. After as indicated below, there would remain the solid residue of approximately 0.33 MoO x corresponding to a mass of about 8% of non-volatile oxides as MoO 2 and mixed-valence oxides. The TGA diagram of compound (2) (black trace in Fig. 3 ) is quite similar to that of compound (1) . One difference is a very sharp loss of mass of about 2% at 130°C which is not representative of the loss of water from the crystal lattice. It could be due to the loss of contamination water (adsorbed) since this compound is the only one of the series that has not been recrystallized from methanol. Thereafter the loss of the 2 C 2 O 4 (exp. 19 wt%; cal. 20 wt%) occurs in the 160-210°C range, then the 4 i Pr 2 NH 2 (exp. 45 wt%; cal. 46 wt%) in the temperature range 210-340°C. The thermal decomposition of the Mo-based entity is substantially different than in the compound (1) since it starts at the same temperature (340°C) but ends at 800°C (instead of 920°C) without leaving a solid residue: experimental loss 36 wt% (instead of 26 wt% for compound (1)); calculated 33 wt% for Mo 2 O 6 . This decomposition occurs in two steps, 340-690°C (4.0 wt%) and a second one (690-800°C) largely dominant (33 wt%).
For compound (3) (red trace in Fig. 3) , the curve indicates a total mass loss of the order of 78% in several steps reflecting also a continuous degradation mechanism of the compound. The water content in the crystal lattice was detected from mass loss of the order of 3% (3.8% calculated) is observed in the 125-160 range. This is a departure of a molecule of water (hydration water molecule). A second fast mass loss of the order of 13% (18.9% calculated) taking place in the 160-210°C range corresponds to departure of the two (C 2 O 4 2− ) anions in the form of carbon dioxide (CO 2 ) but it is difficult to distinguish from the next Fig. 3 . TGA diagrams of compounds (1), (2) and (3). (2) and (3) shows two narrower bands centered at 931/858 and 918/ 871 cm −1 respectively. This again reflects t he h igher d issymmetry of the {Mo 2 O 6 } core in compound (1). The intense band observed in the 710-750 cm −1 range for the three compounds can be attributed to the (MoeOeMo) stretching vibrations [9, 31] .v
Raman spectra
Raman spectroscopy is an appropriate and highly efficient to ol for the identification o f o xomolybdenum s pecies [32] [33] [34] [35] [36] [37] [38] . T he R aman absorption bands in the 1000-600 cm ) range contribute [39] .
step (a slope change is visible at 210°C [41] . Numerical data of the TGA analyses of the three compounds are reported in Table 3 .
It allows a quick comparison of the thermal properties of all compounds. Oxalate ligands are removed in the same temperature range (140-210°C), immediately followed by the ammonium cation.
Once the ammonium cation have been decomposed the oxo-molybdate {Mo 2 O 6 } entity is destabilized and starts to decompose by releasing volatiles MoO 3 molecules. The main difference between compound 3 and the other two concerns the decomposition mechanism of these {Mo 2 O 6 } entities. Their decomposition starts at higher temperature (450°C) as compared to compounds 1 and 2 (340°C). Then, above these temperature thresholds the mass loss is significantly lower for compound 3 (17 wt%) than for compounds 1 (26 wt%) and 2 (36 wt%). As a result, the TGA analysis of compounds 3 leaves a relatively higher amount of solid residue (22 wt%) while compounds 1 and 2 leave 8 wt % and 0 wt%, respectively. This singularity in thermal properties of compounds 3 can be related to differences in its crystal structure. Indeed, the anion-anion connections occur by lattice water molecules in compound 3 instead of ammonium cations as in compounds 1 and 2. This induces changes in the nature of H bonds and interactions between the binuclear [Mo 2 O 6 (C 2 O 4 ) 2 ] 4− anions, and subsequently affects the stability of the {Mo 2 O 6 } core. Compound 3 is also the only one where the anion is stabilized by tertiary ammonium counterions. The difference in stability of compounds (1) and (2) is probably due to a difference in crystalline cohesion. In compound (2), the crystalline cohesion of the compound in infinite layers is ensured by Van der Waals interactions whereas in compound (1) anion is thermally much more stable when isolated with tertiary ammonium cations.
Redox properties
The redox properties of compounds (1-3) were studied by cyclic voltammetry (CV) in DMSO with 0.1 M NBu 4 PF 6 as supporting electrolyte first. The voltammogram of compound (1) is shown in Fig. 5a .
Almost the same voltammograms were obtained for compounds (2) and (3) ). This signal exhibits a −50 mV/pH unit dependency (see Table 4 ), showing that the transfer of electrons is accompanied by the uptake of protons. On the reverse scan, two anodic peaks can be observed at c.a. −0.05 and +0.85 V vs SHE. We note that oxalate ions show an irreversible oxidation signal at 0.1 V vs SHE at pH 4.7 (see Fig. SI5 , in Supporting information), so one of these anodic peaks is probably due to oxalate. 
Conclusion
In summary, from two key precursors, ammonium heptamolybdate tetrahydrate and oxalic acid, three new inorganic-organic hybrids based on dinuclear molybdenum(VI) complexes have been prepared by onepot strategy and their structures determined by X-ray crystallography. a Very sharp decrease which is not representative of the loss of water from the crystal lattice. This could be due to contamination water (adsorbed). of the anion. An irreversible oxidative signal centered on the oxalate ligand and two irreversible cathodic signals centered on the metals were observed in aprotic solvent. In water, only one broad and pHdependent reduction signal was observed and two anodic peaks in the reverse scan. These complexes could play a fundamental role either in the preparation of materials of synthetic or industrial interests, e.g. in catalysis or electrochemistry, or in the direct synthesis of antibacterial products. In the further study, we will extend this research to various dinuclear molybdenum(VI) carboxylates. 
Supporting Information Powder X-ray diffraction diagrams
The similarity of the experimental and calculated PXRD patterns of compounds are shown in the Fig.SI1 . The infrared spectra of the three compounds are shown in the Fig.SI3 . A tentative attribution of the main vibration absorption bands for compounds 1-3 is given in Table SI1 . 
Raman spectra of compounds 1-3
The Raman spectrum of the three compounds is shown in the Fig.SI4 . A tentative attribution of the main bands is given in Table SI2 . 
